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(57) ABSTRACT 
According to the present invention, an improved 
CMOS integrated circuit and an improved method of 
forming the circuit is provided. The circuit has a first 
FET device and a second FET device, and at least one 
performance characteristic of said first and second FET 
devices varies in the same manner with the variation of 
at least one performance related process variable condi 
tion. Each of said FET devices has an output signal at 
least one characteristic of which is changed by a change 
in the performance related variable condition. The first 
and second FET devices are connected such that the 
one output characteristic of the second FET device acts 
in opposition to the one output characteristic of the first 
FET device to provide a merged output signal repre 
sentative of the combined effect of the two FET de 
vices. The second FET device is constructed so as to be 
more responsive to the variations in said performance 
related variable condition than the first FET device and 
to have a weaker output signal than the first FET de 
vice, whereby the merged output signal of the two FET 
devices is maintained relatively constant irrespective of 
variations it the performance related variable condi 
tion. 

18 Claims, 1 Drawing Sheet 
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METHOD AND RESULTING DEVICES FOR 
COMPENSATING FOR PROCESS WARIABLES IN 

A CMOS DEVICE DRIVER CRCUIT 

BACKGROUND OF THE INVENTION 

This invention relates generally to a technique and 
resulting structure which compensates for performance 
differences of devices due to process variations in the 
process of manufacturing integrated circuit devices and 
in particular, circuits utilizing CMOS technolgy. In 
more particular aspects, this invention relates to a tech 
nique and resulting structure which compensates for 
process variables, and variables in supply voltage, and 
operating temperature in the manufacture and operation 
of device drivers for integrated circuits on chips utiliz 
ing CMOS technology. 

In the production of integrated circuit devices, and 
particularly in the production of circuits using CMOS 
technology, process variables or variations can signifi 
cantly affect the performance of many of the devices 
particularly device drivers which are formed on the 
chip. These performance variables include delay, rise 
and fall time, impedance, etc., and indeed in uncompen 
sated CMOS circuits the 3-sigma statistical combination 
of these independent variations on driver devices can be 
as much as 60%. These process variables which affect 
the performance include variation of channel length 
(which typically can vary up to -35%); threshold 
voltage (+20%) the thickness of the dielectric in the 
gate electrode channel (20%); diffusion channel 
width (-2%); and supply voltage (10%). As indi 
cated above, all of these various independent factors 
can have a significant effect even to the accumulative 
effect of as much as 60% difference in device charac 
teristic between worst case performance i.e. slowest, 
and best case performance i.e. fastest. (As used herein 
"best case' and "worst case' are not qualitative values, 
but rather are quantitative in that "best case' denotes 
fastest response time and "worst case' denotes slowest 
response time). These variations have a significant ef 
fect on the performance of the devices in various cir 
cuits. In the driver circuit when the driver circuit is 
designed to drive a certain load, if the driver circuit 
operates too fast and too many drivers are switched on 
at once, noise will be generated which will be very high 
due to inductance which will interfere with or even 
prevent the proper signal recognition. Therefore, a 
circuit cannot be designed which operates too fast 
under any given load or the design will be selfdefeating. 
On the other hand, if the device driver circuit is de 
signed to operate at an extremely slow speed, perfor 
mance time is lost. Thus, if simultaneous operation of a 
known number of drivers is required, the inherent varia 
tion in performance of the drivers due to process varia 
tions prevent the designer from designing close to the 
optimum rate of performance. Expressed another way, 
if there is a wide variation in performance characteris 
tics of a driver circuit and a circuit designer designs a 
circuit to drive at a "nominal' rate which is slow 
enough to prevent excessive noise being produced but 
rapid enough to produce good desirable speed, then 
under certain process conditions the resulting circuit 
may in fact operate so fast that it encounters noise or 
inductance problems and is unsatisfactory because of 
process variations. Therefore, without circuit compen 
sation, the circuit designer is forced to design to a speed 
which, even under "best” conditions of process varibles 
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2 
which result in the fastest speed of the device driver, 
will result in a speed which is not so fast that it will 
induce excessive noise. Of course this designed speed, 
when there is a significant amount of variation in the 
process parameters, will be a very low speed, and in 
fact, in worse case conditions i.e. the slowest operation 
of the driver's circuit due to process variations, will 
have an extremely slow driver circuit this speed being 
significantly slower than that at which it could opti 
mately perform without producing excessive noise. Of 
course, it would be desirable to reduce to a minimum 
level the amount of variations introduced by the pro 
cessing techniques utilized in the manufacture of inte 
grated circuits. However, with the present state of the 
art of such processing, there are not available any viable 
commercially acceptable cost effective means to sub 
stantially reduce these variables; hence, it becomes nec 
essary to compensate for these process variables. There 
have in fact been several techniques suggested for com 
pensating for such process variables. One such tech 
nique is the so called "serpentine gates', which helps to 
compensate for delay in which output device gates are 
connected by connecting the gates in series instead of 
parallel and thus the turn-on time for each successive 
finger is delayed by a time proportionate to the resis 
tance of the gate and its capacitance. Since gate resis 
tance increases as channel length decreases, this tech 
nique reduces the delay variation with channel length 
variation which is the most sensitive process parameter. 
While this technique does reduce certain process re 
lated variations somewhat, it does nothing to compensa 
tion for variations in supply voltage or other process 
parameters. This also has other potential difficulties in 
that with certain types of silicides, an extra mask may be 
required to generate a precision resistor when this tech 
nique is used. 
Another technique for reducing the effect of process 

ing variables is shown and described in U.S. patent 
application Ser. No. 240,853, filed Sept. 2, 1988, Enti 
tled "Performance Enhancing for Integrated Circuit 
Chips'. This technique consists of counting the number 
of stages in an on-chip delay path that switch within one 
cycle of an off-chip oscillator and using the count as a 
basis for digitally adjusting the performance of all driv 
ers on the chip. The complexity of this technique makes 
it unattractive. Also, in this technique, the same com 
pensation is applied to all drivers on the chip, regardless 
of localized process differences on the chip. For exam 
ple, N/FETS and P/FETS are given identical com 
pensation even if there are differences in their respec 
tive characteristics. 
Another technique utilizes feedback from the output 

node which is shown and described in U.S. patent appli 
cation No. 07/419,341 filed: Oct. 10, 1989 entitled: 
CMOS Driver Circuit. However, this is a technique 
which compensates for off-chip load and not for process 
variations. 
Other various prior art patents suggest various cir 

cuits and compensations which include U.S. Pat. No. 
4,613,772 which compensates for leakage currents in 
internal logic gates but does not compensate for process 
variations; U.S. Pat. No. 4,584,492 compensates trigger 
points on input buffers but doesn't use opposition cur 
rents in prebuffers to control gate voltage on buffer 
devices; U.S. Pat. No. 4,634,893 discloses a PROM 
programmed drive, but there is no compensation for the 
process variations; U.S. Pat. No. 4,570,091 is a dynamic 
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logic precharge with cascode voltage switch and logic 
for improved performance, but it does not disclose any 
compensation for process variations; IBM Technical 
Disclosure Bulletin 31, No. 1, June 1988, pages 21-23 
shows a series of devices for certain compensation but 
does not show opposition devices to control gate volt 
age; IBM Technical Disclosure Bulletin 27, No. 10B, 
Mar. 1985, pages 6,012 to 6,013 shows CVS logic which 
improves logic performances but does not show any 
means for compensating for various process variable. 

SUMMARY OF THE INVENTION 
According to the present invention, an improved 

intetrated circuit which is preferably a CMOS circuit 
and an improved method of forming the circuit is pro 
vided which circuit has at least a first FET device and 
a second FET device and wherein at least one perfor 
mance characteristic of said first and second FET de 
vices varies in the same manner with the variation of at 
least one performance related process variable condi 
tion. Each of said FET devices has an output signal at 
least one characteristic of which is changed by a change 
in the performance related variable condition. The first 
and second FET devices are connected such that said 
one output characteristic of said second FET device 
acts in opposition to said one output characteristic of 
the first FET device to provide a merged output signal 
representative of the combined effect of said FET de 
vices. The second FET device is constructed so as to be 
more responsive to the variations in said performance 
related variable condition than the first FET device and 
to have a weaker output signal than the first FET de 
vice, whereby the merged output signal of said FET 
devices is maintained relatively constant irrespective of 
variations in the performance related variable condi 
tion. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram of an embodiment of a 
CMOS circuit according to this invention; and 
FIG. 2 is a graph showing the range of variations of 

operation between an uncompensated circuit and a cir 
cuit compensated according to this invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring now to the drawing and for the present to 
FIG. 1, a CMOS circuit according to the present inven 
tion is shown. The circuit includes a conventional 
driver circuit 10 which drives a group of off-chip load 
devices such as capacitors indicated collectively as 11. 
The driver circuit 10 is also connected to a receiver 
circuit 12. The driver circuit includes a P/FET transis 
tor 14 and an N/FET transistor 16 coupled to drive the 
load 11. These transistors 14 and 16 are pull-up and 
pull-down transistors, respectively, connected in a con 
ventional way to drive the load 11. The transistor 14 is 
turned on by transistors 18 and 20 connected in series. 
Transistors 22 and 24 are also connected to transistor 14 
for the purpose of turning off said P/FET transistor 14. 
The transistors 18, 20, 22 and 24 constitute a conven 
tional NAND gate shown in broken outline and desig 
nated as 26. 

Similarly, transistor 16 is turned on by P/FET tran 
sistors 30 and 32 connected in series. Transistor 16 is 
also connected to N/FET transistors 34 and 36 for the 
purpose of turning off said N/FET transistor 16. The 
transistors 30, 32, 34 and 36 constitute a conventional 
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4. 
NOR gate shown in broken outline and designated by 
the reference character 38. The signal to operate the 
transistors 18 and 24 and transistors 32 and 34 is pro 
vided from an inputsource 40. In a well-known manner, 
when a signal is provided to transistors 18 and 32 to turn 
them on, one or the other will be actuated which in turn 
will turn on the respective associated transistor 14 or 16 
which will supply voltage to the load 11 and the re 
ceiver 12, which is the receiver portion of a bidirec 
tional input/output circuit and drives on-chip load 52 as 
well as delay line 54. The respective transistors 14 and 
16 will also provide a signal to receiver 12, which is 
comprised of inverters 42, 44 and 46 connected in series, 
and also inverters 48 and 50 connected in series and 
tapped between inverters 44 and 46. Inverter 50 supplies 
a signal to load 52. The receiver 12 acts as a buffer 
which will sense when the driver circuit 10 has 
switched "on' completely (as opposed to "on' par 
tially) and provide an output signal at node 53. 
The speed or rate at which either transistor 18 or 32 

is turned on can vary widely, depending on many pro 
cess variables. These process variables include the chan 
nel length of the transistors, the threshold voltage, the 
thickness of the dielectric between the gate electrode 
and the channel, the base mobility dictated by the back 
ground doping level, variations in channel width (this is 
a small effect but not completely negligible); and supply 
voltage. Other external variables can also affect the 
performance of the circuit such as temperature, etc. 
Therefore, if the driver circuit 10 were not compen 
sated in some manner then, depending upon these pro 
cess variables, the speed at which the transistors 14 or 
16 would be turned "on' would vary widely depending 
upon how sensitive the transistors 18 and 20 and 30 and 
32 are and thus how hard they turn "on' the transistors 
14 and 16. 
As discussed previously, if the transistors 14 and 16 

are turned on too fast or too hard, the speed of opera 
tion of the output from the driver circuit is significantly 
increased and if it is too fast, excessive noise or respo 
nance results which makes it difficult to read the signal 
and thus the circuit cannot operate properly. However, 
if on the other hand, the transistors 18 and 20 and 30 and 
32 turn on the transistors 14 and 16 too slowly due to 
process variables, the speed of the driver circuit 10 is 
significantly reduced thus causing a loss of perfor 
aC. 

In order to compensate for these variations in speed 
of the operation of the transistors 18 and 20 and 30 and 
32 in turning “on” the transistors 14 and 16 and thus 
minimize the variation from worst case results (slowest 
actuation of the transistors) to best case (fastest actua 
tion of transistors) compensators are provided. A com 
pensator for the P channel is designated by the refer 
ence character 60 which includes P/FET transistors 62 
and 64 connected in series and P/FET transistors 66, 68 
and 70 connected in series as shown in FIG. 1, with the 
gate of transistor 62 being connected between transis 
tors 68 and 70, this connection acting as a voltage di 
vider. The output of transistors 62 and 64 is merged 
with the output of the N/FET transistors 18 and 20 as 
shown in FIG. 1 such that the outputs are in opposition 
to each other, i.e. the path from the transistors 18 and 20 
to transistor 14 which is a pull-up transistor tends to 
turn the transistor 14 "on' when the transistors 18 and 
20 are turned on, whereas the output of the transistors 
62 and 64 tends to turn the transistor 14 “off” when they 
are turned "on' thus acting in opposition to the action 
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of the transistors 18 and 20. Also, the transistors 62 and 
64 are designed so that they are less powerful than the 
transistors 18 and 20 such that their action does not 
overcome the action of the transistors 18 and 20 but 
merely compensates for it by acting in opposition to the 
signal from the transistors 18 and 20. 
Thus, it can be seen that if the process variables in the 

process of forming the transistors of the integrated cir 
cuit are such that any given process variable would tend 
to make the transistors 18 and 20 operate faster, the 
same process variables would also tend to make the 
transistors 62 and 64 operate faster. The faster operation 
of the transistor 18 and 20 would tend to turn the tran 
sistor 14 on harder, whereas the faster operation of the 
transistors 62 and 64 acting in opposition to this tend to 
hold back or slow down the operation of the transistor 
14 in opposition to the action of the transistors 18 and 
20. Conversely, if the process variables are such that 
they tend to make transistors 18 and 20 operate more 
slowly these same variables will tend to make transis 
tors 62 and 64 also operate more slowly. The slower 
operation of the transistors 18 and 20 would tend to turn 
the transistors 14 on less hard, but the action of the 
transistors 62 and 64, which are in opposition thereto 
tend to speed them up. Hence, if the transistors 62 and 
64 are less powerful but more sensitive to process varia 
tions, coaction of the transistors 18 and 20 with the 
transistors 62 and 64 act in an offsetting or compensat 
ing manner and provide a turn on signal to the transistor 
14 which is much more relatively consistent irrespec 
tive of process variables than is attainable with an un 
compensated driver circuit. 

Similarly, the N channel compensator circuit 72 is 
provided which has FET transistors 74, 76, 78, 80 and 
82 connected in manner similar to the transistors of the 
compensating circuit 62 and act in a similar manner in 
conjunction with transistors 30 and 32 to turn transistor 
16 "on'. The gates of transistors 34 and 24 are con 
nected to input 40. 
The output from the receiver 12 at node 53 is deliv 

ered to a delay circuit 54 which is comprised of a series 
of inverters 86, 88,90 and 92 which provide a feedback 
signal to node 94 which is connected to the gates of 
transistors 64 and 76 and turns "off" compensation after 
transition at load 11 is complete as determined by tran 
sistor 14 thereby eliminating unnecessary power dissipa 
tion. The operation of gates of transistors 66 and 82 is 
for test purposes only to shut off DC current in transis 
tors 68 and 70, and 78 and 80 respectively. The transis 
tors 66 and 82 are not used during operation of the 
circuit. Transistors 20 and 22 are connected to enable 
signal shown schematically at 96 and transistors 30 and 
36 are connected to the inverted or nonenable signal 
shown schematically at 98 which allows circuit 10 to be 
placed in the high impedance state as is well known in 
the art. 
The purpose of the NAND and NOR gate configura 

tion in conjunction with a pull-up and pull-down tran 
sistors 14 and 16 is to provide a tri-strate condition for 
the transistors 14 and 16 so that both of them can be 
completely shut off and that they are in neither a high 

... nor a low condition which circuit is well-known in the 
art. 

The increased sensitivity of transistors 62 and 64 as 
compared to transistors 18 and 20 and of transistors 74. 
and 76 as compared to transistors 30 and 32 can be 
explained as follows with respect to several different 
process parameters. For example, it is well-known that 
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6 
as the channel length decreases the speed of the transis 
tor increases. Therefore if the channel lengths of the 
transistors 18, 20 and 14 are decreased because of pro 
cess variations, this will tend to increase the speed at 
which the transistor 14 is turned "on" and speed with 
which transistor 14 drives load 11. However, these 
same process variations will decrease the channel 
lengths of the transistors 62 and 64. Thus, if the nominal 
channel lengths in the design of the circuit of the chan 
nels for the transistors 62 and 64 is designed to be less 
than the nominal channel lengths of the channels in 
transistors 18 and 20, any increase due to process varia 
tions in channel lengths of the transistors 18 and 20 will 
be percentage wise less then the corresponding increas 
ing channel lengths in the transistors 62 and 64 and thus 
the absolute variations in the process variables will have 
a much larger effect on channels 62 and 64 thus making 
them more sensitive to process variations with respect 
to channel length than the transistors 18 and 20. It is this 
greater sensitivity coupled with the lesser strength of 
the transistors 62 and 64 which will overcome the sensi 
tivity of transistors 18, 20 and 14 to channel length. 
Other process parameters can be controlled in the 

same way. For example, to compensate for variations in 
supply voltage, transistors 62 and 64 can be designed to 
have a lower nominal gate to source voltage than the 
transistors 18 and 20 which again will cause the transis 
tors 62 and 64 to have a greater percentage change in 
the characteristics with respect to the output character 
istics transistors 18 and 20 to any variations in supply 
voltage. Similar nominal design criteria can be used 
with resepect to transistors 62 and 64 and transistors 18 
and 20 which are affected by other process varibies 
including base mobility, channel width, threshold volt 
age, temperature, etc. all of which will be understood 
by a person skilled in the art and need not be described 
in detail. 

FIG. 2 is a graph plotting the voltage of load 11 
against time for a typical uncompensated circuit as com 
pared to a circuit according to this invention showing 
how the output characteristic of circuit 10 at load 11 
varies with different changes in process, and how it is 
effected with transistors made according to the present 
invention. (For example, if all process parameters ex 
cept channel length are held constant, and channel 
length is varied between the lower and upper limit of its 
process tolerance, the rise time of load 11 may vary by 
35% in uncompensated circuit, whereas with the addi 
tion of compensation contained in this invention, the 
variation of rise time at load 11 is reduced to 5%. Each 
of the other variables will have the effects noted above.) 
The graphs represent the response speed of the out 

put of circuit 10 from a cumulative 3 sigma worst case 
variation of each process parameter to the cumulative 3 
sigma statistical combination, the combined effect of 
process parameters on an uncompensated driver can be 
as high as té0%, whereas, the compensation technique 
described in this invention will reduce the variations to 
20%. This is shown in FIG. 2 wherein the lines 100 

and 102 represent the boundary condition of best case 
and worst case of a typical uncompensated circuit, and 
the lines 104 and 106 represent the boundary conditions 
of best case and worst case of a typical circuit compen 
sated according to this invention, the area between the 
lines 104 and 106 being shaded. Thus with devices de 
signed according to this invention, a designer can de 
sign much closer to nominal values and even in best case 
scenario the device will not operate too fast to provide 
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interfering noise nor at worst case not operate at an 
extremely slow level from the nominal performance 
level. 

Because of the difference in so many circuit parame 
ters and process variables, it may be necessary to experi 
ment slightly to find the exact amount of deviation or 
increased sensitivity which is necessary to design to 
transistors 62 and 64 and 74 and 76 as compared to 
transistors 18 and 20 and 30 and 32 and also to deter 
mine the exact value of how much less powerful these 
transistors 62 and 64 have to be with respect to transis 
tors 18 and 20 and 74 and 76 with respect to transistors 
30 and 32. Nevertheless with a minor amount of routine 
experimentation, this value can be very easily opti 
mized. 
While this invention has been described to some de 

gree of particularity, numerous modifications and 
changes can be made without departing from the scope 
of the invention as defined in the appended claims. 
What is claimed is: 
1. An integrated circuit comprising at least a first 

FET device and a second FET device, 
and wherein a given performance characteristic of 

each of said first and second FET devices varies in 
the same manner with variation of at least one 
performance related variable condition, 

each of said FET devices have an output signal at 
least one characteristic of which is changed by a 
change in said performance related variable condi 
tion, 

the output signals of said first and second FET de 
vices being merged, wherein said one output char 
acteristic of said second FET device acts in opposi 
tion to said one output of said first FET device; 

said second FET device being constructed to be more 
responsive to said variations in said performance 
related variable condition than said first FET de 
vice and being constructed to have a weaker out 
put signal than said first FET device whereby the 
merged output signal at said FET devices is main 
tained relatively constant irrespective of variations 
in the performance related variables condition. 

2. The invention as defined in claim 1 wherein said 
circuit is a drive circuit and includes a third FET device 
the gate of which is connected to and operable by the 
merged output signal of said first and second FET de 
vices. 

3. The invention as defined in claim 2 wherein said 
circuit is formed on an integrated circuit chip, and the 
third FET device controls the operation of a capacitive 
load. 

4. The invention as defined in claim 1 wherein said 
performance related process variable is channel length. 

5. The invention as defined in claim 1 wherein said 
process related variable is channel width. 
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8 
6. The invention as defined in claim 1 wherein said 

process related variable is threshold voltage. 
7. The invention as defined in claim 1 wherein the 

process related variable is base mobility. 
8. The invention as defined in claim 1 wherein the 

process variable compensates for power supply toler 
aC2. 

9. The invention as defined in claim 1 wherein the 
process variable compensates for device operating on 
temperatures. 

10. A method of forming an integrated circuit having 
at least a first FET device and second FET device, and 
wherein a given performance characteristic of said first 
and second FET devices varies in the same manner with 
the variation of at least one performance related vari 
able condition, and wherein each FET device has an 
output signal at least one characteristic of which is 
changed by a change in said performance related vari 
able condition, 

the improvement which comprises, merging the out 
put signals of said first and second FET devices 
wherein said one output characteristic of said sec 
ond FET device acts in opposition to said one 
output characteristic of said first FET devices, 
constructing said second FET device to be more 
responsive to said variations in said performance 
related variable condition than said first FET de 
vice and to have a weaker output signal than said 
first FET device, 

whereby the merged output signal of said FET de 
vices is maintained relatively constant irrespective 
of variations in the performance related variable 
conditions. 

11. The invention as defined in claim 10 wherein a 
third FET device is provided, the gate of which is con 
nected to and operable by the merged output signal of 
said first and second FET devices. 

12. The invention as defined in claim 11 wherein said 
circuit is formed on a interated circuit chip, and the 
third FET device controls the operation of a capacitive 
load. 

13. The invention as defined in claim 10 wherein said 
performance related process variable is channel length. 

14. The invention as defined in claim 10 wherein said 
process related variable is channel width. 

15. The invention as defined in claim 10 wherein said 
process related variable is threshold voltage. 

16. The invention as defined in claim 10 where the 
process related variable is base mobility. 

17. The invention as defined in claim 10 wherein the 
process variable compensates for power supply toler 
2CC, 

18. The invention as defined in claim 10 wherein the 
process variable compensates for device operating tem 
perature. 
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